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ABSTRACT 
Valley degrees of freedom, providing a novel way to increase the capacity and efficiency of 
information storage and processing, has become an important instrument for photonics. 
However, at present stage, valley photonics is restricted to unprotected valley transport and 
valley Hall effects at zigzag interfaces, limiting its development and applications. Here, we 
demonstrate realization, engineering, and manipulation of valley-polarized topological kink 
states at generic interfaces in ultrathin substrate-integrated photonic circuitry experimentally. 
The robustness of the valley-polarized topological kink states at generic interfaces is verified 
by the robust in-gap transmission though sharply bending interface channels and disordered 
domain wall channels, respectively. With the ultrathin substrate-integrated photonic 
architecture, we realize geometry-dependent topological channel intersections. This platform 
has ultrathin thicknesses and excellent self-consistent electrical shielding, which is perfectly 
compatible with the conventional substrate-integrated photonic circuits. Our study thus 
provides a novel pathway for controlling valley degrees of freedom in photonics and may work 
as a novel integration platform for information processing that has disorder-insensitivity, easy 
access, and lightweight. 
INTRODUCTION 
Topological photonics, which studies topological states of photons and related phenomena, 
have attracted much attention in the past decade 1-36. Studies have shown the emergence of various 
edge states in topological photonic systems and their unique phenomenology which include 
disorder-immune one-way edge propagation 1-12, “spin”-wavevector locking 13-22, Fermi arc-like 
surface states 23-24, 28, and topological lasers 25-27, to name but just a few. These properties can lead 
to unprecedented applications in photonics such as backscattering immune waveguides 1-12, robust 
delay lines 5, 29-35, anomalous refractions 19, 33, 35, and so on.  
Unlike the rigorous topological invariants (i.e., the Chern number) of the quantum anomalous 
Hall effects, quantum valley Hall effects are characterized by the local valley-Chern numbers at 
separated valleys 37-42. Therefore, the quantum valley Hall edge states are well-defined only when 
inter-valley scattering is negligible. Otherwise, the valley-resolved one-way edge transport can be 
destroyed. Fortunately, in many experiments, the valley edge states appear to be robust when zigzag 
edges are considered 29-35, 37-42. In addition to the conventional edge states, a class of topological 
interface states (usually denoted as topological kink states 37-42) can emerge at the interface between 
two quantum valley Hall insulators with opposite valley Chern numbers. Since the valley Chern 
numbers are associated with the massive Dirac systems at the K and K’ valleys, the topological kink 
states can be understood as the Jackiw-Rebbi soliton states propagating along the interface between 
two massive Dirac systems with opposite valley Chern numbers. Unlike the quantum valley Hall 
edge states, the valley-polarized topological kink states can exist at any-type interfaces, including 
the armchair interfaces 38-41, due to the Jackiw-Rebbi mechanism 43 which can also lead to other 
salient phenomena in photonics 44-46. 
Though it seems that the interfacial kink modes can be easily backscattered when the inter-
valley scattering occurs, recent studies have shown that the widely-spread wavefunctions of the 
topological kink states carrying valley degree of freedom strongly suppress the backscattering 38-41. 
These topological kink states at generic interfaces have been demonstrated in the graphene-based 
condensed-matter systems 42, which can be potentially used as topological Mach-Zehnder 
interferometers 38, high-efficiency energy transport channels 39, and topological channel 
intersections 40. However, in photonic systems, at present stage, experimental realizations of the 
valley-polarized topological kink states are restricted to zigzag interfaces 29-35, limiting the 
development and applications of valley photonics.  
In this work, we demonstrate experimentally photonic valley-polarized topological kink states 
at generic interfaces within an ultrathin substrate-integrated photonic crystal. The robustness of the 
valley-polarized topological kink states at generic interfaces is verified by the high transmission of 
the kink states though sharply bending domain walls and disordered domain walls, respectively. To 
the best of our knowledge, it is the first time that the valley-polarized topological kink states are 
experimentally demonstrated to be robust along disordered interfaces 43. With this excellent platform, 
we demonstrate the geometry-dependent topological channel intersections which are initially 
proposed in condensed-matter systems 39. The manipulation of valley-polarized topological kink 
states at will for generic interfaces in a substrate-integrated photonic circuitry may pave the way for 
future development of valley photonics. 
 
RESULTS 
The designed valley photonic crystal consists of a hexagonal-lattice of triangular scatterers placed 
in a copper parallel plate waveguide, which is loaded with a dielectric material with relative 
permittivity 2.65 (see Fig. 1a). The lattice constant is a =10.4 mm, and the conductivity of the copper 
is 5.7×107 S/m. A triangular scatterer is composed of three via holes with a diameter of d0 =0.8 mm 
and a height of h =3.2 mm, as well as a triangle copper patch with a side length of l =5.2 mm at the 
top. There is a gap with g0 =0.25 mm between the scatterers and the top metal cladding layer. The 
rotation angle θ is defined in Fig. 1a. In our experiments, the valley photonic crystals consist of two 
printed circuit boards (PCBs). The copper triangle patch and via holes are printed on the bottom 
PCB. The upper side of the top PCB is covered with a thin layer of copper. We then attach the bottom 
PCB to the top PCB with an adhesive (see Fig. 1b). Compared with the previous topological 
photonic crystals 1-36, the present structure shows the merits of an ultrathin thickness (only 0.245
l , where l  is the wavelength in the loaded dielectric material) and an excellent electromagnetic 
shielding, which can be perfectly compatible with the standard substrate-integrated waveguide 
circuits 47-49.  
Figure 1. Substrate-integrated ultrathin valley photonic crystals. a, Structure of the ultrathin valley photonic 
crystals. b, Perspective-view photograph of the experimental sample. The insets show the details of the sample. c, 
Band structures at the rotation angle of 0° (black curve) and 30° (colored curves), respectively. d, The band edges 
and Dirac mass at the K point as a function of the rotation angle θ. e, Field patterns of the four eigenstates at band 
edges: the K point (
+  and - ) and the K’ point ( +' and -' ). The black arrows represent the Poynting vector 
distributions for each state. 
 
When the rotation angle is θ=0°, there is a pair of Dirac points at the K and K’ points in the 
Brillouin zone at the frequency of 13.69 GHz (see Fig. 1c). With a finite rotation angle θ, the 
symmetry of the system is reduced from C3V to C3. Consequently, the two Dirac points are gapped 
out, resulting in a photonic bandgap controlled by the rotation angle θ. The photonic band structure 
for θ =30° is shown in Fig. 1c: the band gap appears from 12.78 GHz to 14.39 GHz. The field 
patterns of the upper and lower bands at the K and K’ points are shown in Fig. 1e, which 
demonstrates finite orbital angular momenta (OAM) as manifested in the chiral distributions of the 
Poynting vectors, related to photonic valley degree of freedom. 
Here the photonic band gap can be described by the massive Dirac equations. For instance, the 
Hamiltonian for the K point is  
𝐻𝐾 = 𝜐(𝑞𝑥𝜎𝑥 + 𝑞𝑦𝜎𝑦) +𝑚𝜎𝑧                          (1) 
where 𝜎𝑧 = ±1 represents the 𝜑+ and 𝜑− states, respectively, which carry opposite OAM, ?⃗? =
(𝑞𝑥 , 𝑞𝑦) is the wavevector relative to the K point, and 𝑚 is an effective mass term introduced by 
the breaking inversion symmetry. In parallel, the K’ point is described by another massive Dirac 
equation, 𝐻𝐾′ = −𝐻𝐾, as dictated by the time-reversal symmetry. Such a Hamiltonian generates 
nontrivial Berry curvatures around the K (K’) point. Integrating the Berry curvature for the K (K’) 
valley gives the half-integer valley-Chern number 𝐶𝐾 = sgn(m)/2 
37-42. Numerical calculation of 
the Berry curvatures near the K and K’ points for our valley photonic crystal is presented in 
Supplementary Note 1. 
The rotation angle θ controls the Dirac mass and the valley-Chern number (see Fig. 1d). The 
photonic band structure experiences topological transitions whenever θ is an integer time of 60°. By 
placing two valley photonic crystals of opposite valley-Chern numbers together, a domain-wall of 
valley-Chern number is formed. Across the domain wall, the valley-Chern number changes ∆𝐶𝐾 =
sgn(m) = ±1 for K and K’ valleys, which gives rise to valley-polarized topological kink states 
according to the bulk-edge correspondence 38-41. 
To verify the above statements, we numerically calculate two elementary types of domain walls. 
The first type is formed on the zigzag interfaces which have been commonly studied 29-35 (see Figs. 
2a-2b). The kink states at opposite interfaces exhibit different spatial symmetry: one of them is 
mirror-symmetric (Fig. 2a), whereas the other one is anti-symmetric (Fig. 2b). The photonic band 
structure in Fig. 2c indicates that the propagating directions of the two topological kink states 
bounded to different valleys are exactly opposite, exhibiting “valley-locked” chirality. 
The second type of Dirac mass domain wall is formed on the armchair interfaces (Figs. 2d and 
2e). Although the K and K’ valleys are projected onto each other, the two valley-polarized kink 
states are clearly visible and separable (Fig. 2e). Recent studies in other systems have manifested 
that the wide-spread wavefunctions of the topological kink states carrying opposite valley degree of 
freedom strongly suppress backscatterings 38-40. The coexistence and distinguishability of the valley-
polarized kink state already demonstrate the stability of the topological kink states. The underlying 
physics can be understood as the valley-resolved Jackiw-Rebbi solitons 43 propagating along the 
Dirac mass domain-wall (see Supplementary Note 2 for a Hamiltonian theory). The tiny gap at the 
crossing between the two branches of valley-resolved kink states (almost unnoticeable in Fig. 2e) 
reflects that there is negligible scattering between these valley kink states 38, 39. 
 
Figure 2. Zigzag and armchair interfaces and valley-polarized topological kink states. a, b, Zigzag interfaces 
formed by valley-Hall photonic crystals with opposite rotation angles. The color profiles represent the electric field 
distributions of the topological kink states at the K’ point. c, Band structures of zigzag interfaces in a and b. Here, 
gray regions, the dashed curve, and the solid curve represent projected bulk bands and dispersions of interfaces in a 
and b, respectively. The red and blue curves indicate forward- and backward-propagating topological kink states, 
respectively. d, Armchair interfaces formed by valley photonic crystals with opposite rotation angles. The color 
profiles represent the electric field distributions of the topological kink states at the K (upper) and K’ (lower) points. 
e, Band structures of the armchair interface in d. Here, the gray regions denote the projected bulk bands, whereas 
the red (blue) curves represent topological kink states of positive (negative) group velocities.  
 
It is well-known that conventional photonic crystal waveguides suffer considerable reflection 
loss when electromagnetic waves propagate through sharp bending corners50. As shown in Fig. 3, 
experimental observations and simulations indicate that the valley kink states host robust transport: 
electromagnetic waves propagating along the valley interface channels can turn around the sharp 
bending corners without significant backscattering. Such robust transport is observed in our valley 
photonic crystal for both the zigzag and armchair domain walls (see Figs. 3a, 3b, 3d, and 3e). We 
further demonstrate the valley-resolved topological kink states for a photonic chip with 
interconnection between zigzag and armchair interfaces in Figs. 3c and 3f. The frequency-resolved 
interface transmission for these three chips is quantitatively analyzed in Fig. 3g and 3h. Significant 
interface transmissions are observed for all three chips, whereas the transmission through bulk 
modes is ultralow. The electromagnetic field-intensity profiles of the kink states near the output 
terminal are also measured (See Supplementary Note 3 for details). The nearly identical profiles at 
the output terminal for the cases in Figs. 3b and 3c indicate that there is negligible back-scattering 
for the armchair interfaces in these chips. Most significantly, as shown in Fig. 3g, within the band 
gap the transmission through various bending interfaces are close to the transmission through the 
straight interfaces, indicating negligible back-scattering and robust transport in the topological kink 
channels. In contrast, outside the band gap, the discrepancy with the transmission in the straight 
interface becomes considerable for the bending interfaces. In all these chips, the transmission 
through the bulk modes is suppressed in the photonic bandgap. 
 
Figure 3. Experimental robust transport of topological valley kink states along sharp bending paths. a-c, 
Scheme of sharp-corner topological kink channels. Twisted interfaces, with bending angles of 120°, 60°, and 90°, 
contain zigzag, armchair and a combination of zigzag and armchair interfaces, respectively. The red zigzag curves 
represent the transmission paths of the kink states. The orange/green triangles represent the scatterers with 
positive/negative rotation angles. d-f, Simulated electric field intensity distributions correspond to a-c, respectively. 
Here, we place a point source near the input terminal. The green curves represent the energy flows. g, h, Measured 
transmission for the bending interfaces (INTFCs), straight interfaces (red curves) and bulk states (green curves) 
when the sources are placed and excited at zigzag/armchair interfaces(marked as zigzag/armchair excitation). The 
blue and red curves in g represent the transmission of the valley kink states in a,c, respectively. The blue curve in h 
represents the transmission of the valley kink states in b. The yellow area is the bandgap. 
 
We further confirm the robust transport of topological kink state by the inclusion of disorders 
into valley photonic crystals around the interfaces. As shown in Fig. 4, photonic transport in the 
topological kink channel is robust against the randomly placed structure disorders (realized by 
flipping the rotation angle of the triangular scatterers in some randomly chosen unit-cells, see Figs. 
4a and 4c). Specifically, the transmission in the band gap remains nearly the same for the cases with 
and without disorders. The field-intensity profiles manifest considerable couplings between the kink 
states (Figs. 4b and 4d). Nevertheless, such couplings do not significantly back-scatter the kink 
states. This is because in the disordered cavity, the fields of the modes belonging to different valleys 
vary between negative and positive and overlap, and the variations tend to cancel each other out25, 
41, 43. To the best of our knowledge, it is the first time that the robustness of the topological kink 
states against the disorders is experimentally demonstrated in a photonic system.   
 
Figure 4. Experimental demonstration of valley-polarized topological kink states through the domain wall 
with disorders. a, c, Schematic view of topologically protected interfaces with disorders. There are zigzag and 
armchair domain walls in the propagating path, respectively. The red zigzag curves represent the transmission paths 
of the kink states. The orange/green triangles represent the scatterers with positive/negative rotation angles. Some 
scatterers with negative rotation angles surrounded by those with positive rotation angles constitute a disordered 
resonant cavity. b, d, Simulated EZ field intensity distributions correspond to a, c. Here, we place a point source near 
the input terminal. The green curves represent the energy flows. e, f, Measured transmission for the disorder 
interfaces (INTFCs), straight interfaces (red curves) and bulk states (green curves) when the sources are placed and 
excited at zigzag/armchair interfaces (marked as zigzag/armchair excitation). The black/blue curve represents the 
transmission of the kink states in the structure corresponding to the schematic of a/c. The yellow region is the 
bandgap.  
 
Finally, we corroborate the valley-polarized topological kink states by revealing geometry-
dependent topological channel intersections, which are highly pursued in electronic 39 and photonic 
systems. In experiments, we design three different cross-shaped channel intersections (see Figs. 5a-
5c). The first cross-shaped channel intersection consists solely of zigzag interfaces (Fig. 5a), where 
the corresponding valley-polarized topological kink states are marked with red and blue arrows for 
different valleys. In the channels, electromagnetic waves travel only along the paths of the same 
valley degree of freedom. From our simulations (Figs. 5d-5e), one can see that the topological kink 
states launched at port 1 (port 2) can only transport along path 2 and path 4 (path 1 and path 3) and 
are forbidden to travel along path 3 (path 4). Experiments are also conducted to demonstrate the 
valley-selective properties of the cross-shaped channel intersections. The source antenna is placed 
at port 1 (port 2) of the sample, whereas the probe antennas are placed at the other three output 
terminals to detect kink states of K (K’) valley. From Fig. 5(j), one can see that the transmittances 
S21 and S41 are much higher than S31 (see the upper panel), whereas the transmittances S12 and 
S32 are much higher than S42 (see the lower panel), within the photonic bandgap frequency window. 
Similar phenomena have also been observed for a channel intersection with solely armchair 
interfaces (Figs. 5b, 5f-g, and 5k) and that with both zigzag and armchair interfaces (Figs. 5c, 5h-i, 
and 5l) in our photonic crystal chip. These observations confirm that the valley of the degree of 
freedom is bounded to the propagations of the topological kink states at each channel and the energy 
transport at the channel intersections are directly related to the geometries39. We therefore 
experimentally demonstrate geometry-dependent topological channel intersections initially 
proposed in a condensed-matter system39. 
 
Figure 5. Experimental demonstration of geometry-dependent topological channel intersections. a-c, 
Schematic illustration of topological protected cross-shaped splitters, including two pairs of topologically protected 
interfaces with opposite signs of rotation angles. There are zigzag and armchair domain walls, as the red curved 
curves show. The orange/green triangles represent the scatterers with positive/negative rotation angles. The red and 
blue arrows represent propagating directions in the K and K’ valley, respectively. d-i, Simulated EZ field intensity 
distributions when placing a point source at port 1 and port 2, respectively. The green curves represent the energy 
flows. j-l, Measured normalized transmission of the receiver dipole antenna at different ports (solid curves), and for 
bulk states (dash curve), when placing a transmitter dipole antenna at port 1 and port 2, respectively. The yellow 
region represents the bandgap.  
 
CONCLUSION AND DISCUSSIONS 
Manipulation of valley-polarized topological kink states for generic interfaces is a crucial step 
for the development of valley photonics, which has not yet been realized. In this work, we achieve 
such an important goal by using a designer ultrathin substrate-integrated photonic crystal. We further 
experimentally demonstrate the robust energy transport of valley-polarized topological kink states 
for various interface structures including sharp corners, regions with defects, as well as cross-shaped 
channel intersections. Moreover, our substrate-integrated valley photonic crystals show ultrathin 
thicknesses and excellent self-consistent electrical shielding, which is perfectly compatible with the 
conventional substrate-integrated waveguide circuits. The present design provides the possibility 
for a complete topological waveguide circuitry, including passive, active, or nonplanar components 
and even antennas, to be fabricated and integrated on the same substrate using standard printed 
circuits board techniques. Our study thus provides a new platform for the development of valley 
photonics and may work as a fundamentally new integration system for information processing with 
imperfection tolerance, easy access, and lightweight. 
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